Potato is the most economically important non-cereal food crop. Tuber formation in potato is regulated 28 by phytohormones, cytokinins (CKs) in particular. The present work was aimed to study CK signal 29 perception in potato. The sequenced potato genome of doubled monoploid Phureja was used for 30 bioinformatic analysis and as a tool for identification of putative CK receptors from autotetraploid 31 potato cv. Désirée. All basic elements of multistep phosphorelay (MSP) required for CK signal 32 transduction were identified in Phureja genome, including three genes orthologous to three CK receptor 33 genes (AHK 2-4) of Arabidopsis. As distinct from Phureja, autotetraploid potato contains at least two 34 allelic isoforms of each receptor type. Putative receptor genes from Désirée plants were cloned, 35 sequenced and expressed, and main characteristics of encoded proteins, firstly their consensus motifs, 36 structure models, ligand-binding properties, and the ability to transmit CK signal, were determined. In 37 all studied aspects the predicted sensor histidine kinases met the requirements for genuine CK receptors.
Introduction 42
Potato is a widespread practically important crop, its tuber formation is controlled by phytohormones 43 (reviewed in Aksenova et al., 2012 Aksenova et al., , 2014 . Previous studies have shown that cytokinins (CKs) and 44 auxins can accelerate and enhance potato tuber formation (Aksenova et al., 2000; Romanov et al., 2000; al., 2015) . Studies of pH influence on hormone binding were performed in 50 mM MES-KOH (pH 5-7) 176 or Tris-HCl (pH 7-9) buffers with 50 mM KCl. K d for [ 3 H]tZ binding to different receptors were 177 determined in saturation assays followed by data analysis in Scatchard plots.
178
Assessment of receptor functionality 179 Plasmids pCOLD IV with StHK coding sequences were transferred for the expression into E. coli strain 180 KMI001 (Suzuki et al., 2001) . In this strain, HK receptor→YojN→RcsB→cps::lacZ pathway can be 181 activated by external CKs (Takeda et al., 2001) . The activation of the signaling pathway was monitored 182 by measuring β-galactosidase activity of E. coli cells. Cultivation of clones on Petri dishes containing 40 183 mM glucose, 40 μg ml -1 X-gal, 100 μM IPTG, 50 μg ml -1 ampicillin at 15 °C was performed for 4 days. 184 The individual clones were then streaked onto new Petri dishes containing 40 mM glucose, 40 μg ml -1 185 X-gal, 100 μM IPTG, 50 μg ml -1 ampicillin ± trans-zeatin at a concentration of 0.5 μM. The clones were 186 grown for 3 days at 15 °C. Expression of the cps::lacZ construct was evaluated by blue staining of 187 bacterial clones. 189 Potato (Solanum tuberosum cv. Désirée) plants were cultivated under standard in vitro conditions at a 190 long (16 h) day for 5-6 weeks on liquid MS medium containing 1.5% or 5% sucrose. For hormone 191 treatment, the medium was replaced with the same one supplemented with N 6 -benzyladenine (BA, 1 192 μM). Tubes were inverted several times to assure uniform plant wetting and then incubated for 1 h under 193 standard conditions. Finally plant organs (leaves, stems, roots, tubers) were isolated and immediately 194 frozen in liquid nitrogen. Control plants were treated in a same way only without hormone. Total RNA 195 was isolated by Trizol method (Brenner et al., 2005) , this RNA served template for cDNA synthesis by 196 reverse transcription (Invitrogen). All RNA samples were treated with RNase-free DNase I. The 197 resulting cDNA was checked for the genomic DNA contamination by PCR with primers differentiating 198 cDNA and genomic DNA. The band derived from genomic DNA was absent in the separating gel.
188

Gene expression analysis
199
Expression of genes encoding predicted proteins of CK signaling system was determined by qRT PCR. (Table 1) . 226 The phylogenetic analysis was performed to compare the conserved and unique features of predicted 227 potato CK receptors with the features of Arabidopsis, rice, tomato, and other species receptors ( Fig. 1 ).
225
Phylogenetic analysis classified StHKs into three clades
228
CK receptors of flowering plants can be grouped into three main clades, corresponding to the 229 Arabidopsis AHK2, AHK3, and CRE1/AHK4 receptors (Pils and Heyl, 2009; Lomin et al., 2012; 230 Steklov et al., 2013) . Predicted potato and tomato receptors are unequivocally distributed among these 231 three clades. Evolutionally, they are closer to Arabidopsis than to rice receptors, what was expected the cognate genes as well as occurrence and position of functional domains in the receptor proteins were 236 analyzed. Known CK receptors share a common organization, including (from N to C termini) sensory 237 module with CHASE domain, catalytic module with HisKA and ATPase domains, and receiver module 238 with pseudoreceiver and receiver domains (Kakimoto, 2003; Steklov et al., 2013) . The sensory module 239 is flanked by predicted transmembrane (TM) α-helices. There is always a single TM-helix C-terminal 240 (downstream) of module while the number of TM-helices N-terminal (upstream) of module is variable.
241
Number of upstream TM-helices is usually highest (up to 3-4) in AHK2 clade members, lowest (1) in 242 the AHK4 clade and intermediate in the AHK3 clade (Steklov et al., 2013) . The domain structure of 243 putative potato receptors fully corresponds to the canonical one ( Fig. 2 ).
244
At the N-termini of potato CK receptors, the number of upstream TM helices is 3, 2, and 1 in StHK2, 
255
Highly conserved motifs were earlier found in sensory modules and adjacent downstream TM-256 segments of CK receptors (Steklov et al., 2013) . These motifs are obviously important for ligand 257 binding and transmembrane signal transfer. In putative potato receptors, these motifs are also present, 258 although with some peculiarities. In particular, StHK2 has a deviation from the canonic motif in 259 CHASE domain, where either Glu or Asp is located at position 90, while StHK2 has Gln at this position. receptor. This insert is located, however, on the opposite side from the ATP binding site. This structural 282 feature distinguishes not only potato receptors but also CK receptors of other species.
283
The CKI1 histidine kinase receiver domain (RD), used as the template for CK receptor RD, adopts a 284 fold typical for the REC (or CheY-like) superfamily proteins. It is formed by five α-helices and β-sheet 285 composed of five parallel β-strands. Two α-helices are located on one side of the β-sheet, and remaining 286 three on the other side. The same fold is characteristic for the model of the Arabidopsis CRE1/AHK4 287 receptor RD. As distinct from this, an additional small helix is present in the region between α3 helix 288 and β4 strand in the models of potato and other Arabidopsis receptors AHK2 and AHK3 RDs.
289
Conserved aspartate residue, serving as a phosphate acceptor in RD, is located at the N terminus of the 290 β3 sheet ( Fig. 4 ).
291
Deviations from canonic CHASE motifs in sensory modules of putative potato CK receptors do not Sequencing Consortium, 2011). Such differences in phenotype are underlain by considerable sequence 303 and structural genome variations between potato haplotypes. Therefore, the results of genome study of 304 monoploid Phureja do not mirror exactly more complex genomes of common potato cultivars.
305
Our experimental study of CK receptors was performed using the autotetraploid potato cv. Désirée, 306 widely used for commercial and scientific purposes (Aksenova et al., 2000; Kolachevskaya et al., 2015) . 307 We cloned the putative receptor genes using primers designed according to Phureja gene sequence data. StHK2b have three and two aa substitutions, respectively, relative to Phureja receptor (Table 2 ).
317
Of two cloned genes of HK3-clade, StHK3a is identical to its counterpart of Phureja, whereas 318 StHK3b differs by 20 SNPs together with a 3-nucleotide deletion. These differences result in the 319 absence of one aa and nine aa substitutions in StHK3b compared to its Phureja ortholog. Similar data 320 were obtained for HK4-clade: StHK4a was fully identical to that of Phureja whereas StHK4b differs by 321 28 SNPs and a 3-nucleotide deletion. Correspondingly, StHK4b differs from its Phureja ortholog, as 322 well as from StHK4a, by deletion of one aa and substitution of 13 ones ( Table 2) . Analysis of aa 323 sequences of the proteins showed that all putative histidine kinases of Désirée potato retain the domains 324 and consensus sequences typical for CK receptors, despite aa substitutions (Fig. 2 ). This indicates that StHK3a was represented in this study only by its sensory module, previous data showed that sensory 375 module is sufficient to characterize the ligand preference of the full-length receptor (Stolz et al., 2011; 376 Lomin et al., 2015) .
377
StHKs are able to trigger signaling via MSP 378 The ability of the putative potato receptors to trigger CK signaling was tested on E. coli ΔrcsC mutant 379 devoid of its own RcsC hybrid histidine kinase and equipped with the cps:LacZ construct with the LacZ 380 reporter gene driven by cps promoter (Suzuki et al., 2001; Takeda et al., 2001) . This design allows 381 assessment of the ability of hybrid histidine kinases to initiate signaling over the MSP pathway.
382
Activation of MSP signaling in the bacteria leads to the expression of the reporter galactosidase (LacZ), 383 whose activity is manifested by blueing of clones growing on X-Gal-supplemented medium. We 384 expressed the cloned genes of the putative potato CK receptors in E. coli ΔrcsC. In the clones 385 expressing the StHKs but not in the control clone, blue staining was observed (Fig. 6 ). The degree of 386 blueing was greatly increased in the presence of CK. It confirms the ability of the cloned potato proteins 387 to transmit the CK signal to the primary response genes via the canonic MSP pathway. 389 To assess the functionality of a gene in vivo, it is important to know the level and pattern of its 390 expression in the living organism. We studied the expression of putative CK receptor genes in organs of 391 potato plants grown in vitro under conditions favorable for either vegetative growth (1.5% sucrose) or 392 for tuber formation (5% sucrose). The mRNA contents of the StHK2, StHK3 and StHK4 genes was 393 determined by the qRT PCR method. For the quantitative comparison of the expression profiles, intra-394 exon primers were selected for each tested gene ( Supplementary Table S1 ). These primers were 395 complementary to both alleles of the same clade owing to a great similarity of these gene sequences.
388
StHKs exhibit in planta organ-specific expression pattern which has unique properties
396
The relative amounts of putative receptors of distinct clades in potato organs were judged by comparing with 1.5% sucrose for 5-6 weeks under standard LD conditions. L, S, R signify leaves, stems and roots, respectively. More than two-fold prevalence of transcripts in BA-treated over control plants is considered as significant induction, bars corresponding to induced genes are outlined red. Fig. 9 . CK-responsive cis-regulatory elements in promoters of CK receptor genes (upper part) and response regulators type A genes (lower part) of potato. Elements are shown on both DNA strands.
Promoter area proximal to transcription start is boxed. Promoter area proximal to transcription start is boxed. 
